Abstract Protection of resting buds and timing of shoot development are crucial morphological traits of plants growing in a seasonal climate. For eight species of Iberian chamaephytes with contrasting morphology and ecology, we explored the different growth stages within the morphogenetic cycle of the shoot (including the initiation, morphogenesis and maturation of vegetative and reproductive structures), the seasonality of these growth stages and their relationship with the general climate of the species distribution area. We evaluated the implications of morphogenetic cycles on the phenology, architecture and distribution of each species, and tried to identify good descriptors of these cycles for their inclusion in databases of functional plant traits. The morphology, activity and growth of meristems and the expansion of shoots were assessed periodically by dissecting buds under stereomicroscope. Plant phenology was recorded monthly for a minimum of 13 months on 15 marked plants of six out of the eight study species. All species showed naked buds, with meristems protected by leaf primordia and surrounding young leaves. We identified five stages of growth that summarize the processes of organogenesis and expansion of primordia in study species. Depending on the temporal arrangement of these stages and the type of structures subtending renewal meristems, we identified two types of morphogenetic cycles in study species: naked buds formed on brachyblasts (short branches) that extend for a relatively long time by neoformation; and naked buds on little shoot primordia that remain concealed by part of subtending leaves and extend rapidly in spring (preformed growth) sometimes followed by a period of slow Folia Geobot (2011) expansion by neoformation. These morphogenetic cycles seem to be related to the general climate where study species grow: species with brachyblasts grow preferentially in areas with dry summers and not very cold winters, while species with shoot primordia protected by leaf structures tend to grow in areas with cold winters and not very dry summers. Some traits like the type and size of buds, or the type of morphogenetic cycle are quite easy to measure and provide important ecological information. These traits are good candidates to be included in plant trait databases.
Introduction
Perennial plants undergo different cycles of growth and reproduction throughout their lifetime. Among these, the morphogenetic cycle of shoots includes the initiation, morphogenesis and maturation of vegetative and reproductive structures (Lems 1962) . This cycle begins with the initiation of buds and ends with the dispersion of fruits produced by the shoots developed by these buds. Therefore, it encompasses the shootgrowth cycle defined by Nitta and Ohsawa (1998) as the orderly production of scales, cataphylls, foliage leaves and hypsophylls along the shoot axis, together with the formation and maturation of reproductive structures. The morphogenetic cycle is part of a more general cycle called the pheno-morphological cycle, which includes not only the initiation and morphogenesis of vegetative and reproductive structures, but also their death and shedding (Orshan 1989; Montserrat Martí et al. 2004 ).
The morphogenetic cycle seems to be closely related to the phenology and climate adaptations of plant species (Lems 1962; Hoffmann and Hoffmann 1976; Damascos et al. 2005) and to the allocation of meristems to different fates, with implications on plant architecture (Milla et al. 2008) . The patterns of meristem allocation determine plant form and function, which may subsequently be shaped by the environment (Bonser and Aarssen 2003) . Consequently, the analysis of morphogenetic cycles can provide useful information for comparative studies that could be easily incorporated into plant trait databases such as CLO-PLA (Klimeš and Klimešová 1999) , with a huge potential in ecological studies.
Despite its relevance, morphogenetic cycles have only been studied in a few plant species (Aydelotte and Diggle 1997) , which include mostly trees (for example, Sreekantan et al. 2001; Sabatier et al. 2003; Yuceer et al. 2003; Jordy 2004) , some shrubs (Hoffmann and Hoffmann 1976; Damascos et al. 2005) , alpine plants ( Aydedotte and Diggle 1997; Diggle 1997; Meloche and Diggle 2001; Larl and Wagner 2006) and just two species of chamaephytes (Milla et al. 2008) .
Chamaephytes are plants that display their renewal structures at a maximum height of 25 cm above soil surface (Raunkiaer 1934 ), or at a maximum height of 80 cm when considering Mediterranean species (Orshan 1982) . They constitute an important and widespread life form in Mediterranean, arid and semi-arid environ-ments, as they are better adapted to survive in dry environments than phanerophytes (Shmida and Burgess 1988) . Many Mediterranean chamaephytes are seasonal heteromorphic plants (evergreen plants that change markedly the shape and volume of their transpiring body throughout the year). This type of plant is considered to be better adapted to Mediterranean climate than seasonal isomorphic plants (evergreen plants that do not markedly change these features throughout the year) . Seasonal heteromorphic plants normally show two different types of branches: branches with short internodes or brachyblasts and branches with long internodes or dolichoblasts . Apart from the differences in size, both types of branches usually have different types of leaves and different phenology of growth; brachyblasts bear small hard leaves and persist during the most restrictive periods of the year, whereas dolichoblasts bear comparatively larger and softer leaves, with a higher photosynthetic ability and cover the plant during the mildest periods of the year ( Fig. 1) (Orshan 1989) . Brachyblasts give rise to dolichoblasts, and vice versa. Accordingly, brachyblasts develop in the axils of the leaves of dolichoblasts soon after their expansion and persist throughout the harshest periods of the year, expanding into dolichoblasts in the next growth season (Orshan 1989) . By the alternation of these different types of branches throughout the year, seasonal heteromorphic plants adjust their morphology, architecture and physiology to the seasonality of Mediterranean-type climates . Brachyblasts can also serve as a bud bank for these species, enabling the regrowth of branches after disturbances such as fire or grazing, frequent in Mediterranean-type environments (Christodoulakis et al. 1990; .
In the Iberian Peninsula, chamaephytes grow in a great variety of environments and show a huge morphological and taxonomical diversity, including many endemic and endangered species (Castroviejo et al. 1986 (Castroviejo et al. -2010 Domínguez-Lozano 2000) . Few studies have addressed the morphology and growth dynamics of buds and shoots of this group of plants (but see Orshan 1972; Gray and Schlesinger 1981; Montserrat Martí et al. 2004; Palacio and Montserrat-Martí 2005) . From these studies we know that Mediterranean chamaephytes tend to show naked buds, and that the seasonality of dolichoblast and brachyblast growth differs in chamaephytes adapted to different environmental conditions Montserrat-Martí 2005, 2006) . However, little is known about the morphogenetic cycles of chamaephytes and the relationship between these cycles and the species architecture and the general climatic conditions where these species grow.
The present study aims to highlight the relevance of considering the developmental cycle, fate and position of meristems when assessing the ecology and architecture of plants in relation to the seasonality of the climate where they live. We analyzed the morphogenetic cycle of eight chamaephyte species of the Iberian Peninsula to show the potential of this approach to understand the adaptation of plants to the environment. In particular, the objectives of this study were the following: i) To identify general stages of growth in the morphogenetic cycles of study species and analyze their occurrence as related to seasonality; ii) To evaluate the implications of morphogenetic cycles on the phenology and architecture of study species; iii) To explore the general relationships between the features of the studied morphogenetic cycles, the structural and protective characteristics of buds and the general climate where chamaephytes are distributed in comparison with the better known phanerophytes; iv) To identify the variables that better summarize the morphogenetic information of plant species for their eventual inclusion into CLO-PLA or related databases.
Material and Methods

Species, Study Sites and Climate
The study was conducted in two separate areas of the Iberian Peninsula: north of Aragón (NE Spain) and Asturias (N Spain). Six of eight species selected for study are representative of the most relevant growth forms of woody chamaephytes that grow naturally between the Ebro Basin and the Western Spanish Pre-Pyrenees: Echinospartum horridum (Fabaceae), Ononis fruticosa (Fabaceae), Satureja montana (Lamniaceae), Linum suffruticosum subsp. suffruticosum (Linaceae), Lepidium subulatum (Brassicaceae) and Boleum asperum (Brassicaceae). The remaining two species, Saxifraga trifurcata and S. canaliculata (Saxifragaceae), are herbaceous, pulvinular species endemic to the Atlantic area and the Cantabrian mountain range in the north of the Iberian Peninsula ( Table 1) .
Among the woody chamaephytes, Echinospartum horridum is representative of the thorny cushion plants (with persistent green stems) that grow at high altitudes in the Mediterranean mountains. Shoots of E. horridum are spiny, photosynthetic, and bear opposite stipulated deciduous leaves. Ononis fruticosa and Satureja montana grow at middle altitude within the study area. Ononis fruticosa is a winter deciduous species with alternate stipulate leaves, while Satureja montana is a seasonal heteromorphic species (Orshan 1989 ) that flowers and attains maximum green biomass in summer. Finally, Linum suffruticosum, Lepidium subulatum and Boleum asperum are representative of the seasonal heteromorphic species from semi-arid areas that flower and attain maximum photosynthetic biomass in early spring, similar to most Mediterranean seasonal heteromorphic species (Mooney and Kummerow 1981; . Lepidium subulatum and Boleum asperum lose most of the leaves in summer, while Linum suffruticosum retains some of them during summer . Figure 1 shows diagrams of the different types of branches of Boleum asperum in different phenological phases to illustrate the changes in the morphology of a seasonal heteromorphic species. Similar diagrams for the other study species can be found in Montserrat-Martí (2005, 2006) and Milla et al. (2008) .
The studied Saxifraga species colonize fissures and small holes in limestone rocks. In our study area, S. trifurcata inhabits lowland rocky sites, ranging from 0 to 1,500 m a.s.l. At ca. 1,300-1,400 m S. canaliculata replaces the lowland species, reaching~2000 m. Both species behave as typical altitudinal vicariants (similar species that replace each other as altitude changes), with a very narrow contact zone at~1,300-1,400 m. Both species are evergreen herbaceous plants with maintained growth during the vegetative season: a short spring growth flush (expansion of preformed elements) followed by a period of neoformation that extends throughout the season while environmental conditions are suitable (Milla et al. 2008) . During the period of neoformed growth these species produce short internodes with leaves that are arranged in a rosette. Leaves are lobed, covered by resins and sticky. All species but Echinospartum horridum and the Saxifraga species bear two types of branches: dolichoblast and brachyblasts (Table 1) . In the present study, we consider short branches or brachyblasts as those branches shorter than 2 cm, while long branches or dolichoblasts are branches longer than 2 cm (Fig. 1) . All study species showed terminal inflorescences, except for Saxifraga trifurcata that had lateral ones (Table 1) .
For each species of woody chamaephytes we selected a natural population composed of a minimum of 300 adult individuals. Studied populations were located with UTM coordinates (Universal Transverse Mercator coordinate system. Datum: ED50). Echinospartum horridum was studied in San Juan de la Peña Range, 25 km south-west of Jaca, Spain (UTM: 30 T6894708; at 1,380 m a.s.l.), Ononis fruticosa was studied in a N-exposed limestone hillside near Bernués, Spain (UTM: 30 T7014708; at 1,020-1,040 m), Satureja montana was studied in the riverside of the Guarga River, near Lasieso, Spain (UTM: 30 T7104699; at 670 m), Linum suffruticosum and Lepidium subulatum in a gypsum hill in the gypsum outcrops of Villamayor, near Zaragoza, Spain (UTM: 30 T6884620; 320 m), and Boleum asperum in the eroded miocene clays of Castelflorite, near Sariñena, Spain (UTM: 30 T7454620; 360 m). Climate in the highlands of Aragón is characterized by short summer drought periods and cold winters, with an increasing risk of winter frost as altitude increases. In the lowlands of Aragón the risk of winter frost is lower, but the length of summer drought increases remarkably. Climatic values range from 334 mm of average annual rainfall in the lowest areas to 1,250 mm in the highest sites, and mean annual temperature ranges from 14.0°C in the lowest sites to 8.0°C in the highest ones.
Saxifraga species were sampled in an altitudinal gradient: four populations of S. trifurcata (100, 540, 1,064 and 1,360 m a.s.l.) and three of S. canaliculata (1,360, 1,430 and 1,872 m), all localities included in the Asturias region: Porrúa (UTM: 30 T3534807, 100 m), Vis (UTM: 30 T3284794, 540 m), and several localities at "macizo occidental de los Picos de Europa": Lagos de Covadonga (UTM: 30 T3374791, 1,064 m), Vegarredonda (UTM: 30 T3384789, 1,360-1,430 m), and Cdo. La Fragua (UTM: 30 T3394787, 1,870 m). Climate in the lowlands of Asturias region is of the oceanic humid type, with mild winters and warm summers, and turns colder and slightly more humid as altitude increases. The typical Mediterranean summer drought is absent. The study area occupied by Saxifraga trifurcata shows an annual rainfall range of 1,250 to 1,630 mm and mean annual air temperatures of 6.9-14.7°C, while that of S. canaliculata shows 1,630 to 1,680 mm annual rainfall and 3.9-6.9°C mean annual air temperature.
Distribution maps of study species in the Iberian Peninsula are available at http:// www.anthos.es/. Table 1) . These periods were found to capture accurately enough the different stages in the organogenetic activity of Saxifraga species (Milla et al. 2008) . Differences in sampling date between species in 2007 were due to the longer period of winter rest of the species growing at higher locations, S. canaliculata.
Bud Morphology and Composition
At each sampling date, one branch between 3-and 5-years old was collected in 10 random individuals per population. We obtained one or two shoots for analysis of each sample. Samples from woody chamaephytes were kept at 4°C until dissection, which was performed in the following 48 hours, while samples from Saxifraga were kept frozen until dissection. In the latter species, resin was dissolved with acetone prior to bud analysis. To avoid variability due to bud position (Puntieri et al. 2002) , shoots for analysis were always taken from the same position along the studied branch. Saxifraga species showed different types of branches that could differ in their organogenetic patterns. To obtain analogous shoot structures for comparison between the two species, we selected the branches that contributed most to the growth and reproduction of the plant. In S. trifurcata, the apical vegetative shoot of reproductive branches was the study unit. However, in S. canaliculata reproductive branches produce small, lateral and poorly-developed vegetative shoots that are less likely to reproduce the following year. Consequently, we selected the apical vegetative shoot of non-reproductive branches two or more years after branching as the study unit of this species (see Fig. 1 in Milla et al. 2008) .
Brachyblasts or shoot primordia were dissected acropetally (from the more proximal leaves to the apical meristem) under a stereomicroscope fitted with an ocular micrometer (MS5 and MZ125 Leica Microsystems, Heerbrugg, Switzerland). The total number of leaf primordia at each sampling date was counted and measured and their developmental stage was recorded. Structures considered as leaf primordia included all immature leaves longer than 0.025 mm (approximately the resolution limit of the stereomicroscope). The length of leaf primordia was measured from their insertion point on the immature stem to their distal end. The length and number of green and dry leaves of subtending shoots was also recorded, together with the presence of reproductive primordia, bract primordia and axillary meristems and the total length of the brachyblast.
Phenology Monitoring
Aboveground phenology was studied monthly (only in woody chamaephytes) for a minimum of 13 months on 15 marked plants per species. In each marked individual we estimated the occurrence of the following phenophases: dolichoblast (i.e., long branch) vegetative growth (DVG), brachyblast (i.e., short branch) vegetative growth (BVG), flower bud formation (FBF), flowering (F), fruit setting (FS) and seed dispersal (SD). The percentage of each phenophase was estimated in the canopy of each individual and then compared with observations made on other unmarked individuals. This gave an integrated measure of the occurrence of each phenophase in the population. To graphically represent the intensity of each phenophase within the population, two categories were considered in the diagrams: 1 -when a phenophase was present in more than 25% of study plants, 2 -when it was present in 5% to 25% of the individuals. Only phenophases occurring in more than 5% of the individuals were considered.
For more details on species, sites and methods see Milla et al. (2008) and Montserrat-Martí (2005, 2006) .
Results
All species showed naked buds, i.e., meristems were not protected by special structures like hypsophylls, scales or cataphylls (Nitta and Ohsawa 1998) . Instead, apical meristems were protected by leaf primordia and the surrounding young leaves. The whole shoot primordia or the developing brachyblast (in the case of those species bearing two types of branches) was in turn protected by a leaf or part of it (stipulae, leaf bases, etc.).
Morphogenetic Cycles and Their Relation to Climate
We identified five general stages of growth, common to all the chamaephytes studied that summarize the different stages of organogenesis and expansion of Depending on the temporal arrangement of these stages and on the type of structures subtending renewal meristems, we have identified two different types of morphogenetic cycles in study species: 1) early formation of a brachyblast (short branch) that grows for a relatively long time before expanding, in spring, into a dolichoblast (long branch) that will flower and fruit; and 2) early formation of a little shoot primordium that remains protected by part of the subtending leaf until it develops, in spring, into a vegetative or reproductive branch (Fig. 4) . In the first type, meristems form small adult leaves and very short internodes in their early stages of development giving rise to brachyblasts. Many species tend to produce progressively larger leaves in association with progressively longer internodes up to the beginning of dolichoblast development, when leaves extend much larger and internodes much longer. In the second type, meristems form shoot primordia, hence with no adult leaves or internodes, which remain concealed until the next spring, when all preformed primordia develop giving rise to a vegetative or a reproductive dolichoblast.
In the species showing the first type of morphogenetic cycle (Linum suffruticosum, Lepidium subulatum, Boleum asperum, Satureja montana and Ononis fruticosa), organogenesis and expansion of shoots take place for a long time, from about 4 months in Ononis fruticosa to 9.5 months in Linum suffruticosum (Fig. 4) . In the species that have no brachyblasts and show the second type of cycle (Echinospartum horridum, Saxifraga trifurcata and S. canaliculata), the period of shoot organogenesis and expansion can be either very short, as in Echinospartum horridum (less than 3 months), or rather long, as in Saxifraga species (more than 5 months) (Fig. 4) . In Saxifraga such a long period of growth is due to the protracted neoformed growth of the vegetative axis after the expansion of preformed primordia. Fig. 4 Morphogenetic cycles of all study species showing the different stages of organogenesis and expansion, the total duration of the morphogenetic cycle and the approximate timing of inflorescence initiation. Stages of growth through the morphogenetic cycle include: I -Initiation, development and accumulation of leaf primordia without any measurable expansion of branches; II -Initiation and development of leaf primordia with formation of small leaves and short internodes; III -Initiation and development of leaf primordia with formation of large leaves and long internodes; IV -Expansion of preformed structures without organogenesis; V -Inactivity of the meristem without organogenesis or measurable branch expansion. Numbers in parentheses indicate the duration of the cycle in years for some branch types. RA -ramification; MA -main axis; FA -reproductive axis; y-1 -year 1; y-2 -year 2; y -every year; yr -year of reproduction; m -monopodial growth; (+ 0, 1, 2 …) -the cycle can last one or more years
In the species with brachyblasts (first type of cycle), these are formed soon after the beginning of the expansion of dolichoblasts. In Linum suffruticosum, Lepidium subulatum and Boleum asperum some brachyblasts may initiate in autumn, but most of them are formed in late winter. During winter, the organogenetic activity of meristems, i.e., the production of new leaf primordia, in brachyblasts is higher in species from low and dry areas (Linum suffruticosum, Lepidium subulatum and Boleum asperum) than in species growing at mid-altitude where conditions are colder (Satureja montana and Ononis fruticosa). In winter, species from cold spots arrest shoot expansion, but species from warm areas can maintain a certain production of leaf primordia and, in some cases, also a limited expansion of brachyblasts. Consequently, the species growing in dry and warm areas (Boleum asperum, Lepidium subulatum and Linum suffruticosum) show an accumulation of leaf primordia during winter (Figs. 2 and 4) . These primordia expand quickly in spring, enabling fast development of dolichoblasts. Meristem activity is completely arrested during cold winters or dry summers and in some cases the total length of brachyblasts can even decrease by drying and shedding of leaves. This happens in Boleum asperum and Lepidium subulatum, which shed some or most of the leaves during summer drought, and in Ononis fruticosa, that sheds the leaves in autumn.
The species that do not have brachyblasts (second type of morphogenetic cycle) initiate very tiny shoot primordia soon after the expansion of subtending leaves. These shoot primordia, which include the primordia of most of the leaves of the future dolichoblasts (Echinospartum horridum) or part of them (Saxifraga spp.), grow only a few millimeters and remain concealed by the subtending leaf or part of it. Despite that these species show a similar morphogenetic cycle, the different stages of organogenesis and expansion arrange differently in all of them. In Echinospartum horridum, organogenesis and shoot expansion take place only in spring. Shoot primordia extend in spring, developing dolichoblasts that flower, fruit and finish the morphogenetic cycle with the dispersion of fruits in summer. Contrastingly, in Saxifraga species, the production of leaf primordia is very slow, taking place even after the main axis stops growing. The main axis of the two species of Saxifraga can grow for several years, forming long internodes and large leaves in spring and short internodes and small leaves in summer and early autumn. During autumn and winter shoot expansion stops in both species, but some organogenesis can occur, leading to an accumulation of leaf primordia by the end of winter. These primordia will extend in spring. The lateral branches of both Saxifraga species are initiated in spring and remain as shoot primordia until the next spring, carrying out a slow production of leaf primordia when conditions are suitable and the main axis is not growing (Fig. 4) .
Initiation of Inflorescences and Total Duration of Morphogenetic Cycles
The inflorescences of species with brachyblasts were initiated (recorded as the first bract primordia noticeable) between two and four and a half months before flowering (Figs. 2 and 4) . Apparently, the time span between the initiation of inflorescences and the beginning of flowering is proportional to the amount of leaf primordia preformed within the bud that must extend before flowering. Accordingly, Boleum asperum, Lepidium subulatum and Linum suffruticosum show an average of 6-7, 8-9 and 12 leaf primordia smaller than 1 mm at the time of inflorescence initiation, and they flower 2-3, 3.5-4 and 4-4.5 months later, respectively (Figs. 2  and 4) . In Saxifraga trifurcata inflorescence primordia are initiated at the apex of the largest axillary shoot primordium of relatively large leaf rosettes in DecemberJanuary. In Saxifraga canaliculata inflorescences are initiated at the apex of main shoots of relatively large rosettes in September-October, after two or more years of vegetative development of the branch.
Morphogenetic cycles of study species last between 15 and 23 months (Fig. 4) . However, the occurrence of different types of branches with different characteristics and longevities makes it difficult to assign a single value to some species. For example, Saxifraga canaliculata has branches that can remain vegetative for several years before flowering, and the monopodial axis of S. trifurcata persist until the apical bud dies (which can happen after several years) whereas its reproductive lateral branches follow a morphogenetic cycle of 15-16 months (Fig. 4) . Also, in Ononis fruticosa some brachyblasts can persist for several years before dying or giving rise to a vegetative or reproductive dolichoblasts, whereas the most vigorous brachyblasts that give rise to reproductive dolichoblasts normally flower on the following year, completing the morphogenetic cycle in 16-18 months (Fig. 4) .
Discussion
Morphogenetic Cycles and Climate
The two general types of morphogenetic cycles described here are closely related to the climatic conditions prevailing where study species grow. Our results suggest that the species with brachyblasts (short branches) tend to occupy areas where summer drought is severe but winter cold is only moderate. Contrastingly, the species with shoot primordia protected by leaf structures tend to grow in areas where winters are cold and summer drought is moderate or null.
One important characteristic common to species with brachyblasts (first type of cycle) and species with shoot primordia that grow for a long time (like both studied Saxifraga species) is the tendency to have few leaf primordia during summer and accumulate them in winter. These species grow at several periods of the year, taking advantage of the optimal and suboptimal periods so frequent in seasonal climates like the Mediterranean (Mitrakos 1980) . By accumulating primordia in winter (preformed growth), they can perform a very fast shoot expansion in late winter or early spring, completing the morphogenetic cycle when environmental conditions are still suitable (Palacio and Montserrat-Martí 2005) . This response to seasonal climates, common to species with very different morphologies, may be possible because organogenesis seems to be more resistant to low temperatures than expansion. Also, immature leaf primordia seem to be more resistant to environmental stresses than expanding leaves or primordia in a more advanced development state. For example, younger leaf primordia of Manihot esculenta were found to be more resilient to drought periods than older primordia (Alves and Setter 2004) , and only the youngest flower primordia of Saxifraga bryoides could survive extremely cold temperatures (Ladinig and Wagner 2009 ).
The species with shoot primordia protected by leaf structures (second type of cycle) tend to perform aboveground growth in a short time generally centred in spring. Such restriction of shoot growth seems to be an adaptation to cold mountain conditions or to environments where vegetative period is short. As an example, Echinospartum horridum performs all stages of shoot organogenesis and expansion in spring, showing a pattern similar to that of trees with preformed shoot growth that initiate a new cohort of primordia at the time of shoot expansion (Sabatier et al. 2003; Guédon et al. 2006) . Concerning Saxifraga, the period of shoot growth is shorter in the highland species (S. canaliculata) than in the lowland species (S. trifurcata), because the highland species shows a later spring bud burst and an earlier initiation of inflorescences. The tendency to shorten the period of shoot growth in response to cold temperatures is also noticeable in some species bearing brachyblasts. For example, Ononis fruticosa, a species with brachyblasts growing in temperate sub-mediterranean areas, undertakes most of organogenesis and shoot expansion in spring ( Table 2) .
Ecological Implications of the Duration of Morphogenetic Cycles
The total duration of the morphogenetic cycle is a key aspect to understand the temporal arrangement of phenological events and the adaptation of species to climate. Our observations indicate that several species of chamaephytes from the Iberian Peninsula perform morphogenetic cycles slightly longer than a year in which reproduction takes place at the end of vegetative growth. When plant investment in the morphogenetic cycle ends with fruit production, this latter phenophase capitalizes exceeding resources at the end of the cycle (Suzuki 2000) . This line of reasoning is important to understand the implications of having a longer or shorter morphogenetic cycle. We illustrate this by making use of the example of the ecological segregation of Echinospartum horridum and Erinacea anthyllis in the Pyrenees. Erinacea anthyllis, a cushion plant morphologically and ecologically similar to Echinospartum horridum, shows a morphogenetic cycle 11-12 months Martí, unpubl. data) . The need to expand the morphogenetic cycle is probably due to the reduced growth rate of Erinacea anthyllis coupled to the short duration of the favorable period for shoot growth in the areas where it grows. Thanks to its longer morphogenetic cycle, E. anthyllis can complete vegetative growth and reproductive growth in a short optimal period in spring. This is achieved by completely overlapping vegetative and reproductive growth, with the subsequent drawback of increasing the competition for resources between these activities. Also, by splitting its morphogenetic cycle in two years, E. anthyllis has a low number of vegetative buds available each year (since half of the buds are reproductive). As a consequence, E. anthyllis shows a more open canopy than Echinospartum horridum. The above differences, coupled to the lower growth rate of Erinacea anthyllis, result in the branches of Echinospartum horridum having more buds each year to start new morphogenetical cycles and more shoots that complete the cycle by flowering. Such greater potential for vegetative growth and seed production can explain the exclusion of Erinacea anthyllis by the more competitive Echinospartum horridum from the areas of the Pyrenees where both species interact (Montserrat-Martí and Montserrat-Martí 1984) .
Morphogenetic Cycles and Plant Architecture and Phenology
Our results indicate that some differences in the morphogenetic cycle of species can lead to differences in their architecture. The most striking example is the different timing in the initiation of inflorescences of Saxifraga canaliculata and S. trifurcata, which could explain the differences in the position of inflorescences of both species. In these species, the initiation of flower primordia seems to be controlled by the photoperiod, as happens in Saxifraga oppositifolia and in many other alpine species (Keller and Körner 2003; Larl and Wagner 2006) . However, the earlier initiation of inflorescences in S. canaliculata (a species with terminal inflorescences) takes place when the apical meristem of the main axis is still active and can hence form the inflorescence, while inflorescence initiation in S. trifurcata occurs about three months later, when the apical meristem of the main axis seems to be inactive and organogenesis only takes place in axillary meristems. This has important implications for their architectures, because S. canaliculata shows a denser and cushion-like shape, whereas the branching pattern of S. trifurcata is sparser. Milla et al. (2008) suggested that the different position of the inflorescences of both species could be related to the position of active meristems at the time of inflorescence initiation. However, these authors could not explain the different thresholds for organogenesis in meristems with different positions. In species with brachyblasts, the timing of inflorescence initiation does not seem to affect plant architecture. In these species, the number of leaf primordia preformed before the initiation of inflorescences seems to influence the starting time of reproductive phenology, as the development of such leaf primordia takes place before the expansion of reproductive primordia. Consequently, species showing more leaf primordia preformed within the bud at the time of inflorescence initiation will flower later than species with less preformed primordia.
Bud Morphology in Relation to Climate and Growth Form
All study species showed naked buds, which suggests that this type of bud is predominant or very common among Iberian chamaephytes. Many species of alpine and subalpine chamaephytes also show naked buds (Yoshie 2008) . The occurrence of the same type of bud in all study species seems to indicate that the observed differences in plant distribution, the arrangement of seasonal growth patterns and the duration of morphogenetic cycles are not related to the type of bud in these species of chamaephytes. However, naked buds are rare in phanerophytes from temperate and cold climates, which normally show buds protected by specialized structures such as hypsophylls, cataphylls and scales. Nitta and Ohsawa (1998) described stratification in the dominance of naked, hypsophyllary and scaled buds in the species of the ground, understorey and canopy layers, respectively, of subtropical/ warm-temperate rain forests. They suggested that the presence of hypsophylls, cataphylls and scales progressively increased bud protection against drought or cold stress, which explained current species distribution (Nitta and Ohsawa 1998) . Naked buds were the least protected type of bud and hence the most common among ground species (the least exposed ones). However, this interpretation does not explain the observed prevalence of naked buds within chamaephytes, because these species frequently grow in drier and colder areas than phanerophytes (Shmida and Burgess 1988; Körner 1999) .
To solve the paradox that chamaephytes, more stress-tolerant species than phanerophytes, have supposedly less protected buds, we suggest a new hypothesis, more general than the one by Nitta and Ohsawa (1998) that incorporates our observations on chamaephytes. Our hypothesis suggests that when environmental stresses are low, the predictions of the hypothesis by Nitta and Ohsawa (1998) are valid and naked buds are the prevalent type of bud in species not only of chamaephytes, but also phanerophytes. When environmental stresses increase, the protective mechanisms of naked buds are no longer effective to protect the larger leaf primordia of phanerophytes, but work for smaller-sized woody plants. The size of leaves and stems is allometrically related to the size of the plant (Cornelissen 1999). Consequently, most chamaephytes bear small resistant leaves while leaves from phanerophytes tend to be larger and more delicate. If the allometric relationship holds for leaf primordia, this probably determines a higher stress resistance of the leaf primordia of smaller woody plants. Structures such as stipules or leaf bases can be quite robust and might provide enough insulation to meristems of small-sized species, such as, for example, the leaf bases of Echinospartum horridum, which are rigid and covered by a dense layer of hairs on their adaxial side .
The two types of morphogenetic cycles described in this study enable us to identify two groups of chamaephytes with different distribution in relation to climate. These groups can be compared with the groups identified by Nitta and Ohsawa (1998) in phanerophytes with different bud types. Taking into account these results and the predictions of our hypothesis, we can suggest a preferential distribution of the different types of buds of woody species in relation to environmental stresses (drought and cold) as shown in Fig. 5 . When droughts and cold are not extreme, species with naked buds might be prevalent. In areas where winter cold becomes the main environmental stress, phanerophytes with scaled buds might predominate, as scaled buds perform an important part of their development in summer (Nitta and Ohsawa 1998; MontserratMartí et al. 2009 ). When summer drought is severe, phanerophytes with hypsophyllary buds might prevail. Hypsophyllary buds show low numbers of preformed leaf primordia during summer and produce most leaf primordia between autumn and early spring (Nitta and Ohsawa 1998; Montserrat Martí et al. 2004) . Phanerophytes are normally absent from areas where both summer drought and winter cold are severe (Shmida and Burgess 1988; Körner 1999) (Fig. 5) .
According to our hypothesis, chamaephytes differ from phanerophytes in the distribution of the predominant types of buds in relation to environmental stresses (Fig. 5) . Species of chamaephytes are normally rare in areas where environmental stress is low. Within chamaephytes, species with naked buds and brachyblasts may predominate in dry areas; while species with naked buds and shoot primordia protected by leaf structures may be prevalent in cold and dry areas. Finally, some species of chamaephytes from cold areas show scaled instead of naked buds (Fig. 5) . In the mountains of NE Spain these are species like Prunus prostrata and Rhamnus pumila (G. Montserrat-Martí, unpubl. data).
Final Remarks
We highlighted the relevance of the study of the morphogenetic cycle of plants to gain a functional interpretation of phenological patterns and to understand the adaptation of plants to general climates. The remarkable lack of information on these matters, particularly in chamaephytes, has limited the depth of our analysis and the discussion of our results.
Despite the huge morphological and ecological diversity of Iberian chamaephytes (Castroviejo et al. 1986 (Castroviejo et al. -2010 , we found little variation in the morphogenetic cycles of these species. Such uniformity could be due to the lack of morphogenetic studies on these species, but also to the ability of these species to produce different phenological and architectural patterns from the same cycle.
Some of the traits included in our analysis, like the seasonal trends of organogenesis and the timing of inflorescence initiation, provide very relevant information, but are also hard to measure. Their incorporation in plant databases such as CLO-PLA would require the identification of easy-to-measure, but to-date unknown, estimators. However, other traits considered in this study, like the type and size of buds, the type of protective structures of buds and the protection they confer, or the general description of the morphogenetic cycle, are relatively easy to measure and provide important ecological information. It is, thus, surprising that even these simpler traits have only been studied in a few species. A strong effort should be made in the coming years to include such information in ecological databases, if we aim to achieve a good knowledge of plant adaptation to the environment.
